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MicroRNAs (miRNAs) are small RNAs acting as regulators of eukaryotic gene expression at the post-
transcriptional level. Plant miRNAs have been implicated in developmental processes and adapta-
tion to the environment. We show that the accumulation of four Arabidopsis miRNAs (miR171,
miR398, miR168 andmiR167) oscillates during the diurnal cycle, their accumulation increasing dur-
ing the light period of the daytime and decreasing in darkness. This oscillatory pattern of miRNA
accumulation is not governed by the circadian clock. These results suggest a potential role of light
in controlling miRNA accumulation while deﬁning a new level of regulation of miRNA gene expres-
sion in Arabidopsis.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
MicroRNAs (miRNAs) constitute an important class of short sin-
gle-stranded RNAs that act as post-transcriptional regulators of
gene expression through sequence-speciﬁc cleavage or transla-
tional repression of cognate mRNAs in plants and animals [1–3].
In plants, many developmental processes are regulated by miRNAs,
including organ polarity and morphogenesis, ﬂoral transition, leaf
growth and hormone signalling [4–6]. Many plant miRNAs targets
mRNAs encoding transcription factors or other regulatory proteins
[7]. They are also known to be involved in responses to different
abiotic stresses or nutrient starvation [8,9]. The spatial and tempo-
ral distribution of several miRNAs in different tissues and develop-
mental stages is documented [10].
In Arabidopsis, miRNA genes are transcribed into long imperfect
fold-back (stem–loop) precursors that are processed by RNaseIII
nucleases of the DICER family [11]. After transfer to the cytoplasm,
miRNA duplexes are loaded into the RNA Induced Silencing Com-
plex (RISC) where ARGONAUTE 1 (AGO1) is the core component.
Antisense strand in RISC serves as guide for either recognition
and cleavage or translational repression, of the target mRNA
[2,12]. Whereas our knowledge about post-transcriptional process-chemical Societies. Published by E
.csic.es (B.S. Segundo).
rk.ing of miRNA precursors and miRNA function has greatly expanded
in recent years, information about the transcriptional control of
miRNA gene expression, which is the ﬁrst step of miRNA biogene-
sis, is still limited.
In this work, we show that the accumulation of four distinct
Arabidopsis miRNAs, miR171, miR398, miR168 and miR167,
oscillates along the diurnal cycle. For another miRNA, miR855, its
accumulation remains stable along the day time. Experiments
were performed to discriminate between a circadian- or a light-
regulated expression of miRNAs and to compare miRNA and target
expression patterns.
2. Materials and methods
2.1. Plant material and light conditions
Arabidopsis thaliana (Col-0) was grown on MS medium at
22 ± 2 C during 9 days under neutral day (12 h light/12 h dark,
LD condition). For continuous light assays, plants grown in LD con-
ditions were transferred to continuous light during 3 days (LL con-
dition). Samples were taken along the second (LL2) and third (LL3)
days in plants under LL conditions. In other experiments, plants
grown in LD conditions were maintained in the dark for an addi-
tional 12 h period (LD/D). For each assay, seedlings were harvested
every 4 h. Four biological replicates and three independent sam-
ples in each replicate were analyzed. Each sample represented a
pool of approximately 150 seedlings.lsevier B.V. All rights reserved.
1040 C. Siré et al. / FEBS Letters 583 (2009) 1039–10442.2. RNA gel blot analysis
Total RNA was extracted using the Trizol reagent. For miRNA
analysis, total RNAs (15 lg) were fractionated in a 17.5% poly-
acrylamide gel containing 8 M urea. Blots were hybridized with
oligonucleotides complementary to the mature miRNAs se-
quences for miR171b, miR398b, miR168a and miR167a (http://
microrna.sanger.ac.uk/sequences/). For target mRNAs analysis,
the same total RNAs (10 lg) were separated in a 1.5% (w/v) form-
aldehyde–agarose gel and hybridized with gene-speciﬁc DNA
probes. Further details about probes, hybridization conditions0 4 8 12 16 20 24
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Fig. 1. Northern blot analysis of miR171, miR398, miR168 and miR167 expression in p
conditions at the end of the night period (LD/D) (C, D, G, H). Relative changes of miR
representative gel blot analyses, are shown. White and black boxes (above the diagrams)
independent experiments (error bars are indicated).used for miRNA and target mRNA analyses, controls and quanti-
ﬁcation of the hybridization signals can be found in Supplemen-
tary data.
2.3. RT-PCR of the pre-miRNA transcripts
DNAse I-treated RNA (1 lg) was used for ﬁrst-strand cDNA syn-
thesis using Superscript II RNase H reverse transcriptase and oligo
(dT)18. Speciﬁc primers were designed for PCR ampliﬁcation of pre-
miRNA transcripts and the internal control (Actin2) (Supplemen-
tary data).miR398
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Fig. 2. RT-PCR analysis of pre-miR168a (A), pre-miR167a (B) and pre-miR855 (C)
expression in plants grown in neutral day conditions (LD). Relative changes of
miRNA abundance plotted to the highest value after normalization with Actin2.
White and black boxes (above the diagrams) represent light and dark periods,
respectively. Data show mean values ± S.D. of at least six independent experiments.
C. Siré et al. / FEBS Letters 583 (2009) 1039–1044 10412.4. Data management and statistical analysis of gene expression
To test gene expression periodicity, the cosinor analysis using
the NLMIXED procedure was performed with the function:
y =m + a  cos(2p(t  b)/T), where m is the mesor (average value
of the function); a is the amplitude of the expression proﬁle curve;
T is the fundamental period (one day); b represents the acrophase
(time to highest point expressed in days); and t is the time ex-
pressed in days. The three parameters of the model, a, b and m,
were estimated for each miRNA and target gene (Supplementary
data).
3. Results
3.1. Accumulation of miR171, miR398, miR168 and miR167 oscillates
during the diurnal cycle
In Arabidopsis plants grown under neutral day condition (LD),
the accumulation of the four miRNAs (miR171, miR398, miR168
and miR167) showed a progressive increase in their accumulation
during the light period, whereas at the onset of the dark period,
their accumulation rapidly decreased (Fig. 1A, B, E, F). Statistical
evaluation of gene expression data allowed us to adapt the ob-
served results to a cosine function (cosinor analysis), which con-
ﬁrmed the oscillatory behavior of miRNA levels (Table 1;
Supplementary Table S1). When determining miRNA accumulation
along three consecutive diurnal cycles, the oscillation was main-
tained (Supplementary Fig. 1).
In plants that were entrained under neutral day conditions and
then kept in the dark for an additional 12 h period at the end of the
night period of the last day (LD/D condition), miRNA accumulation
either kept on decreasing (miR171, miR398 and miR168) or re-
mained at relatively constant levels (miR167) in the extended dark
period (Fig. 1C, D, G, H).
RT-PCR analysis conﬁrmed the oscillatory pattern on the accu-
mulation of primary transcripts for miR168a and miR167a, these
miRNAs showing the weakest oscillation in our Northern blot anal-
yses (Fig. 2A and B). In contrast, the accumulation of primary tran-
scripts for another miRNA, miR855, remained constant along a
complete diurnal cycle (Fig. 2C).Table 1
Estimated parameters from the cosinor analysis of miRNA and target gene expression in pl
the NLMIXED procedure to estimate the parameters amplitude (a), acrophase (b) and meso
for target genes and miRNAs are shown, with signiﬁcant (P < 0.05) changes in acrophase h
Parameters of the indicated miRNA/target gene pairs miRNA
Estimate S.E.a
miR171/SCL6-IV
a 0.21 0.05
b 0.46 0.04
m 0.75 0.04
miR398/CSD2
a 0.20 0.03
b 0.48 0.02
m 0.66 0.02
miR168/AGO1
a 0.19 0.05
b 0.44 0.04
m 0.75 0.04
miR167/ARF6
a 0.14 0.05
b 0.49 0.06
m 0.81 0.04
a Standard error.
b Statistical signiﬁcance.Together, these ﬁndings support an oscillatory pattern of
miR171, miR398, miR168 and miR167 accumulation during the
diurnal cycle while for miR855 this oscillatory behavior on its level
of accumulation does not occur.ants grown in LD conditions. The function: y =m + a  cos(2p(t  b)/T) was used with
r (m) for expression data of a 28 h-period with 4 h intervals. Differences of parameters
ighlighted in bold.
Target Target/miRNA comparison
Estimate S.E. Difference S.E. Pb
0.12 0.05 0.09 0.07 0.23
0.21 0.06 0.25 0.07 <0.01
0.62 0.04 0.13 0.05 0.02
0.24 0.03 0.04 0.04 0.36
0.71 0.02 0.27 0.03 <0.01
0.64 0.02 0.03 0.03 0.40
0.17 0.05 0.02 0.07 0.83
0.37 0.05 0.07 0.06 0.27
0.65 0.04 0.10 0.05 0.07
0.29 0.06 0.15 0.08 0.08
0.40 0.03 0.09 0.07 0.22
0.50 0.04 0.31 0.05 <0.01
R
el
at
iv
e 
m
iR
N
A 
&
m
R
N
A 
ab
un
da
nc
e
miR171
SCL6-IV
miR168
AGO1
miR398
CSD2
miR167
ARF6
0
0.2
0.4
0.6
0.8
1
1.2
0 4 8 12 16 20 24
Time in LD (h)
R
el
at
iv
e 
m
iR
N
A 
&
m
R
N
A 
ab
un
da
nc
e
0
0.2
0.4
0.6
0.8
1
1.2
0 4 8 12 16 20 24
Time in LD (h)
R
el
at
iv
e 
m
iR
N
A 
&
m
R
N
A 
ab
un
da
nc
e
0
0.2
0.4
0.6
0.8
1
1.2
0 4 8 12 16 20 24
Time in LD (h)
R
el
at
iv
e 
m
iR
N
A 
&
m
R
N
A 
ab
un
da
nc
e
0
0.2
0.4
0.6
0.8
1
1.2
0 4 8 12 16 20 24
Time in LD (h)
Fig. 3. Comparative analysis of target mRNA and miRNA accumulation in plants under LD conditions. (A) SCL6-IV and miR171, (B) CSD2 and miR398, (C) AGO1 and miR168
and (D) ARF6 and miR167. Data show mean values ± S.D. of four independent experiments.
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For each miRNA showing diurnal oscillation, we considered one
bonaﬁde target gene: the Scarecrow-like 6-IV (SCL6-IV, herein after
SCL6) transcription factor gene for miR171 [1], the Cu/Zn superoxide
dismutase 2 (CSD2) gene for miR398 [13], the ARGONAUTE 1 (AGO1)
gene for miR168 [12], and the Auxin Response Factor 6 (ARF6) for
miR167 [14].
In plants grown under LD conditions, abundance of SCL6 and
CSD2 transcripts varied overtime during the diurnal cycle (Fig. 3A24 28 32 36 40 44 48 52 56 60 64 68 72
Time in LL (h)
0 4 8 12 16 20 24
Time in LD (h)
miR171
SCL6-IV
miR168
AGO1
TOC1
CCA1
R
el
at
iv
e 
m
R
N
A
a
bu
nd
an
ce
R
el
at
iv
e 
m
iR
N
A 
&
m
R
N
A 
ab
un
da
nc
e
0
0.2
0.4
0.6
0.8
1
1.2
24 28 32 36 40 44 48 52 56 60 64 68 72
Time in LL (h)
R
el
at
iv
e 
m
iR
N
A 
&
m
R
N
A 
ab
un
da
nc
e
0
0.2
0.4
0.6
0.8
1
1.2
0
0.2
0.4
0.6
0.8
1
1.2
Fig. 4. Comparative analysis of miRNA and target mRNA accumulation in plants under L
plants to continuous light. (A) miR171 and SCL6-IV, (B) miR398 and CSD2, (C) miR168 and
CCA1, (E) in plants under LD or (F) LL conditions (LL2 and LL3). Data show mean value
indicate the subjective day and night periods, respectively.and B). When comparing the miRNA and target transcript accumu-
lation for the miR171/SCL6 and miR398/CSD2 pairs, their proﬁles
were complementary, but not exactly opposite, to each other (i.e.
the time point showing the higher level of miRNA accumulation
did not coincide with the lower accumulation of target mRNA).
Only when the proﬁle of the miRNA accumulation (either
miR171 or miR398) was hypothetically moved forward in time
during the diurnal cycle, an opposite proﬁle of each miRNA relative
to their corresponding target gene (SCL6 or CSD2) was observed.
The estimated parameters from the cosinor model analysis, andmiR398
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L conditions. Samples were taken at the second and third day after transferring the
AGO1 and (D) miR167 and ARF6. Expression of the circadian clock controls, TOC1 and
s ± S.D. of four independent experiments. White and gray boxes (above diagrams)
Table 2
Comparison of the estimated acrophases after cosinor analysis of miRNA and target gene expression, at the indicated intervals under LD or LL conditions. The cosinor model
formula (see Table 1) was used to estimate all parameters (Supplementary Table S2). Acrophase differences for each miRNA and target genes and for the TOC1 and CCA1 control
genes during the indicated periods are shown, with standard error (S.E.) and statistical signiﬁcance (P). For control genes, acrophase differences never exceeded 0.10 day (2.4 h)
conﬁrming maintenance of rhythmicity in LL conditions. For miRNAs and target genes, differences ranged from 0.23 to 0.46 day (5.5–11 h) and from 0.24 to 0.43 day (5.7–10.3 h)
respectively, indicating loss of the oscillatory pattern. Differences in other parameters (amplitude and mesor) reinforced the lack of periodicity in miRNA accumulation in LL
(Supplementary Table S3).
Genes Comparison of parameter b (acrophase) between the indicated periodsa
LD and LL2 LD and LL3 LL2 and LL3
Difference S.E. P Difference S.E. P Difference S.E. P
miR171 0.43 0.25 0.09 0.29 0.15 0.06 0.28 0.28 0.33
SCL6-IV 0.10 0.08 0.21 0.05 0.11 0.62 0.04 0.11 0.70
miR398 0.36 0.08 <0.01 0.11 0.06 0.10 0.46 0.08 <0.01
CSD2 0.28 0.05 <0.01 0.04 0.11 0.70 0.24 0.11 0.04
miR168 0.27 0.08 <0.01 0.11 0.12 0.36 0.15 0.13 0.24
AGO1 0.31 0.11 0.01 0.14 0.09 0.12 0.16 0.12 0.20
miR167 0.23 0.08 0.01 0.02 0.11 0.83 0.25 0.11 0.03
ARF6 0.43 0.12 <0.01 0.02 0.08 0.83 0.41 0.14 0.01
TOC1 0.10 0.04 0.01 0.07 0.05 0.13 0.03 0.04 0.52
CCA1 0.01 0.03 0.79 0.02 0.04 0.50 0.03 0.04 0.35
a LD interval: 0–24; LL2 interval: 28–48; LL3 interval: 52–72.
C. Siré et al. / FEBS Letters 583 (2009) 1039–1044 1043the comparisons between each miRNA/target gene pair, showed a
signiﬁcant difference (0.25 day, or 6 h; P < 0.05) between their
acrophase parameters representing the time when the peak occurs
(Table 1). Thus, a non-perfect complementary pattern occurs for
the miR171/SCL6 and miR398/CSD2 pairs, due to a phase out of
6 h in their accumulation proﬁles.
Accumulation of AGO1 and ARF6 transcripts also oscillated dur-
ing the diurnal cycle, but in this case the expression pattern of each
target gene paralleled that of its corresponding regulatory miRNA
(miR168 and miR167, respectively) (Fig. 3C and D). Accordingly,
no signiﬁcant differences in the acrophase parameter of the cosinor
model were detected, indicating that both curves peaked at the
same time (Table 1).
3.3. miRNA accumulation is not regulated by the circadian clock
To ascertain whether miRNA accumulation (miR171, miR398,
miR168 and miR167) during the diurnal cycle was linked or not
to the circadian clock, plants were entrained in LD conditions
and then transferred to constant light condition (LL). We reasoned
that if diurnal changes in miRNA accumulation were circadianly
regulated, these oscillations should be maintained under continu-
ous light conditions, which is a characteristic feature of clock-reg-
ulated genes, such as the CCA1 (CIRCADIAN CLOCK ASSOCIATED 1)
and TOC1 (TIMING OF CAB EXPRESSION1) clock genes. Contrary to
what was observed for the accumulation of the TOC1 and CCA1
transcripts, arrhythmic variations in miRNA, as well as in target
transcript levels, occurred along the subjective day and night peri-
ods in LL conditions (Fig. 4). Statistical analysis of gene expression
data indicated that the oscillatory pattern of miRNAs was lost in
plants maintained under LL conditions (Table 2; Supplementary
Table S2). These results support that the circadian clock was not
controlling accumulation of the four miRNAs under study and
point towards a possible light regulation on miRNA accumulation.
4. Discussion
Though a large number of miRNA genes have been identiﬁed in
the Arabidopsis genome, our understanding of the mechanisms
controlling miRNA gene expression during plant development
and adaptation to the environment is still limited. Difﬁculties
accompanying these studies consist in the transient, cell-speciﬁc
expression of many miRNAs and their induction at low levels
caused only by particular endogenous cues or environmental stim-uli. Here, we provide evidence of a diurnal oscillation on the accu-
mulation of four distinct Arabidopsis miRNAs. Changes in miRNA
accumulation along the daytime appear to be a response to light
and are not governed by the circadian clock. The fact that for some
miRNAs (i.e. miR167) the amplitude of the reported oscillation is
weak might explain why this oscillatory pattern of accumulation
have remained unnoticed. Interestingly, analysis of the 50 proximal
promoter region of each member of the Arabidopsis miRNA genes
showing diurnal oscillation in their accumulation, revealed the
presence of multiple copies of cis-elements which are also known
to confer light-responsiveness to protein-coding plant genes,
including the G-box element (CAC/TGTG/T) (Supplementary Table
S4). Regarding miR855, it targets AtUBP1b (OLIGOURIDYLATE bind-
ing PROTEIN 1b), a RNA binding protein involved in the pre-mRNAs
maturation, including pre-mRNA splicing, which presumably must
be active in the plant cell independently of the day time [15]. The
absence of an oscillatory pattern of miR855 accumulation along
the daytime, suggests that light-responsiveness might not be a
general phenomenon for miRNA expression. However, previous
studies reported alteration on miR172 accumulation depending
on the daylength, nor the daytime [16].
All four target genes here studied are involved in developmental
control and/or responses to hormones (SCL6 and ARF6 transcription
factors), adaptation to stress conditions (CSD2), or miRNA biogen-
esis (AGO1). It has been generally assumed that miRNA accumula-
tion inversely correlates with the level of target transcripts. Indeed,
transcriptome-based approaches used to identify putative target
mRNAs from the expression pattern of a given miRNA generally
imposes a criterion of anticorrelation between miRNA and target
gene expression. However, recent results reveal more complex sce-
narios for miRNA-mediated regulation of gene expression in plants,
with target genes that can control the level of a miRNA in addition
to being regulated by it. In line with this, a transcriptional/transla-
tional interlocked feedback loop governing expression of the
miR168/AGO1 pair has been described, with miR168-guided cleav-
age of AGO1 and posttranscriptional stabilization of miR168 by
AGO1 [12]. Our results are fully compatible with this model, since
parallel proﬁles are observed for miR168 and AGO1. Regarding the
miR167/ARF6 pair, a translational repression of ARF6 by miR167
was described [17] which would then explain the observed paral-
lelism in their expression proﬁles. Alternatively, a transcriptional
co-regulation in the expression of miRNA and target genes by light,
might also account for the observed parallelism in the expression
patterns of the miR168/AGO1 and miR167/ARF6 pairs. The reported
1044 C. Siré et al. / FEBS Letters 583 (2009) 1039–1044light-responsiveness of AGO1 and ARF expression favors this possi-
bility [18,19]. Together, these ﬁndings suggest that the simplistic
model in which up-regulation of a given miRNA should cause
down-regulation of its target(s) needs to be reconsidered. Besides,
the expression pattern of the two other pairs, miR171/SCL6 and
miR398/CSD2), showing opposite expression proﬁles, but with a
6 h delay, corroborates the complexity of miRNA/target miRNA
regulation. The observed delay in accumulation of CSD2 transcripts
might have a functional relevance when considering the role of
CSD2 in detoxiﬁcation of reactive oxygen species generated during
exposure to light [13]. A late increase of CSD2 transcripts during
the night period, anticipating the onset of daylight, might serve
to protect the plant from potential damage by the incoming light.
A light-dependent accumulation of miRNA would then represent
a ﬁne-tuning mechanism for light regulated biological processes
in plants, thus providing a ﬂexible system for the control of plant
development and adaptation to the environment.
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